The A mating type locus of the mushroom Coprinus cinereus regulates essential steps in sexual development. The locus is complex and contains several functionally redundant, multiallelic genes that encode putative transcription factors. Here, we compare four genes from an A locus designated A42. Overall, the DNA sequences are very different (-50% homology), but two classes of genes can be distinguished on the basis of a conserved homeodomain motif in their predicted proteins (HD1 and HD2). Development is postulated to be triggered by an HD7 and an HD2 gene from different A loci. Thus, proteins encoded by genes of the same locus must be distinguished from those encoded by another locus. Individual proteins of both classes recognize each other using the region N-terminal to the homeodomain. These N-terminal specificity regions (COP1 and COP2) are predicted to be helical and are potential dimerization interfaces. The amino acid composition of the C-terminal regions of HD1 proteins suggests a role in activation, and gene truncations indicate that this region is essential for function in vivo. A corresponding C-terminal region in HD2 proteins can be dispensed with in vivo. We will discuss these predicted structural features of the C. cinereus A proteins, their proposed interactions following a compatible cell fusion, and their similarities to the a1 and a2 mating type proteins of the yeast Saccharomyces cerevisiae.
INTRODUCTION
A successful mating in the basidiomycete fungus Coprinus cinereus triggers a major switch in mycelial cell type; a sterile monokaryon with uninucleate cells is converted to a fertile binucleate-celled dikaryon that differentiates the mushroom fruit bodies. No special cells are required for mating; hyphal fusion is sufficient, but dikaryon formation only follows if cells have different mating types. C. cinereus has multiple mating types determined by multiallelic genes at two unlinked loci that are known as A and B (Casselton and Kües, 1994) . It is the genes at these loci that regulate the developmental pathway that gives rise to the dikaryon (Swiezynski and Day, 1961) .
The major phenotypic differences between mated and unmated cells are the abundantly produced uninucleate asexual spores (oidia) on the monokaryon and the characteristic clamp connections between each cell of the dikaryon; both are regulated by theA locus . Our molecular analysis of three A loci has shown that there are several genes separated intotwo subcomplexes (Kües et al., , 1994a (Kües et al., , 1994b that correspond to the closely linked Aa and Ap loci originally defined by classical recombination analysis (Day, 1960) (Figure 1) . Two genes (a-fg and p-fg) mark the boundaries of the A locus and appear from DNA gel blot analysis to be present To whom correspondence should be addressed.
in all strains we have examined. The A42 locus contains five genes, one in the a complex and four in the p complex. These genes are multiallelic and, remarkably, their different alleles have such dissimilar DNA sequences that they fail to crosshybridize. One of the genes (c7-7) appears to be inactive, but the other four genes determine A42 mating type specificity. Each of these specificity genes individually promotes A-regulated clamp cell development if introduced into a host with an A5 locus that shares none of these genes with A42 .
Preliminary sequence data identified homeodomain motifs in the predicted proteins of all four A42 genes, indicating that they encode transcription factors . Two classes of proteins were distinguished on the basis of different amino acid sequences in the homeodomain, and we have called them HD1 and HD2. These two homeodomain motifs are conserved in other funga1 mating type proteins. The Aa locus of Schizophyllum commune contains an HD7 and an HD2 gene (Stankis et al., 1992) , as does the b mating type locus of two Ustilago spp (Gillissen et al., 1992; Bakkeren and Kronstad, 1993) . The HD1 and HD2 motifs are also related to the different homeodomains present in the a2 and a1 products of the alternative mating-type loci of the ascomycete fungus Saccharomyces cerevisiae Casselton, 1992a, 1992b; Shepherd et al., 1984) . The S. cerevisiae proteins are known to heterodimerize following mating to generate a Genes of the a and B complexes are separated by 7 kb of noncoding sequence (homologous hole) . Gene designations are according to Kües and Casselton (1993 functional transcription factor that binds target sites upstream of developmentally regulated genes (Dranginis, 1990; Goutte and Johnson, 1993; Mak and Johnson, 1993) . Transformation studies with host cells having genes naturally or experimentally deleted leads to the hypothesis that a similar interaction is likely to occur between the HD1 and HD2 mating type proteins of the basidiomycete fungi U. maydis, S. commune, and C, cinereus (Gillissen et al., 1992; Specht et al., 1992; Kiies et al., 1994b) . In this study, we examine the complete sequences of the four A42 specificity genes, predict putative functional domains, and describe experiments that permit us to suggest how HDl and HD2 proteins might interact to regulate sexual development.
RESULTS

Sequences of the A42 Specificity Genes Identify Two Classes of Putative Transcription Factors
The position of each of the four functional A42 specificity genes (a2-1, bl-1, b2-1, and dl-1) was mapped previously from data obtained using transformation, RNA gel blot analysis, and cDNA isolation (Kiies et al., 1992 ) (see Figure 1) . The complete sequence of bl-1 was described by Tymon et al. (1992) , and we have now obtained the complete genomic and cDNA sequences of the three other genes (the EMBL accession number for CCA21 is X79686; CCB21, X79687; CCD11, X79688).
Preliminary sequence data defined bl-1 and dl-1 as HD1 genes and a2-1 and b2-1 as HD2 genes , but lack of hybridization between genes of the same class suggested that there was little overall conservation of DNA sequence. We now show that bl-1 and dl-1 have 51% DNA sequence homology and a2-1 and b2-1 have 47%. The genes have two to four introns of -50 bp each (Figure 1) . The most conserved sequences are those encoding the homeodomain motif (65 and 66% homology for HDl and HD2, respectively); in each class of gene these are interrupted at similar positions by introns having much less similarity (HD1 introns, 55%, HD2 introns, 38%, data not shown). It is particularly interesting to note that the intron in the region that encodes the WF.N.R motif of the recognition helix in HD2 genes (data not shown) is conserved at exactly the same position in the corresponding genes of other basidiomycetes (Gillissen et al., 1992; Stankis et al., 1992; Bakkeren and Kronstad, 1993) and also in the a1 gene of S. cefevisiae (Miller, 1984) .
The two HD1 proteins have 632 and 633 amino acids with 42% identity (56% similarity) and the two HD2 proteins 520 amino acids with 35% identity (55% similarity) (Figure 2 ). Both HD7 genes have two possible in-frame start codons ( Figure  3) , and we previously assumed that translation initiated from the first ATG . By changing this ATG in bl-1 to ACG (in pAMTl, Table 1 ) and deleting the first possible start codon from the cloned dl-1 gene by cutting with EcoRl (pUK16, Table 1 and Figure 3 ), we found that both genes are active in our transformation assay. Translation can, therefore, start at the second ATG. Significantly, this would make the length of the region N-terminal to the HD1 homeodomain (108 to 115 amino acids) similar to that in the corresponding HD1 mating type proteins of other basidiomycetes (AaZ of Schizophyllum commune, Stankis et al., 1992 , and bE of Ustilago spp, Kronstad and Leong, 1990; Schultz et al., 1990; Bakkeren and Kronstad, 1993) and the a2 mating type protein of S. cerevisiae (Astell et ai., 1984) .
The essential promoter elements for b7-7 and d7-7 iie within 155 and 177 bp, respectively, of the ATG start codon just defined (Figure 3 ). This was demonstrated by transformation using a Sall-Pstl fragment containing bl-7 (pAMT3) and an EcoRl fragment containing d7-7 (pUK16). Complete cDNAs lacking these 5' sequences and a genomic b7-7 clone were inactive (pCB1-1, pCD1-1, and pRA04, Table 1 ). Similarly for the HD2 genes, deletion of sequences ciose to an Ncol site containing the start codon of a2-7 and at a Pstl site just in front of the start codon of b2-7 (Figure 1 ) led to gene inactivation (pCA2-1 and pESM7 in Table 2 ). Comparisons of the 5'sequences of all four genes reveal no obvious common promoter elements other than TG-rich stretches in front of HD1 genes ( Figure 3 ) and TA-rich stretches in front of HD2 genes (data not shown).
Protein Structure
A possible organization of the bl-7-encoded HD1 protein with putative domains for DNA binding, dimerization, and (Bürglin, 1994) . Homology and similarities to the 19-amino acid tail of the S. cerevisiae a2 protein (Astell et al., 1981) is indicated by colons under the proposed helical region C-terminal to the homeodomain of bl-1 and dl-1. Thin lines indicate nuclear localization signals (NLS), and dashed lines cover serine-, threonine-, and proline-rich sequences (24 and 21% S and T in the HD1 proteins and 16 and 13% P between residues 325 to 565; 25 and 18% S and T in the HD2 proteins and 18 and 16% P between residues 240 to 400).
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Heavily dashed lines indicate a negatively charged region in HDl proteins (18 and 23% D, E, Q, and N) and a positively charged region in HD2 proteins (15 and 16% R and K). Arrows mark positions at which the C-terminal regions were truncated without loss of ability to elicit A-regulated development.
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transactivation was presented by Tymon et al. (1992) . Our analysis of the dl-1 protein predicts a similar structure (Figures 2A  and 4) . The homeodomain, which identifies the proteins as putative transcription factors, lies 108 to 115 amino acids from the N terminus. Two a-helical regions are predicted in the N-terminal region and another just C-terminal to the homeodomain. This latter contains a sequence similar to the short charged C-terminal tail of the a2 mating type protein of S. cerevisiae (see Figure 2 ) that is thought to be involved in dimerization with a1 (Mak and Johnson, 1993) . Based on studies of other transcription factors (Sutherland et al., 1992; Tranche and Yaniv, 1992; Leuther et al., 1993; Wegner et al., 1993) , we can suggest that possible activation domains are the C-terminal regions (amino acids 310 to 610) that are rich in serine and threonine and partially proline-rich and/or a negatively charged sequence near the C terminus (amino acids 550 to 610) ( Figure 2A ). Another predicted helical region is found at the extreme C terminus; this region is highly conserved but is known from gene truncations to be dispensable for promoting clamp cell development in vivo . The shorter HD2 proteins encoded by a24 and b2-7 have 35% identity to each other (Figure 28 ). Although HD2 proteins have little sequence similarity to HD1 proteins, computer analysis predicts a similar helical structure on either side of the homeodomain. The C-terminal half of each protein is rich in serine and threonine and partially proline-rich and has an homeodomain motif found in a range of animal transcription factors (e.g., human HoxPF, frog Hox3, Caenorhabditis Ceh7, and Drosophila Ant; for compilation, see Bürglin, 1994) , whereas the HD1 homeodomains with WF.D.R in the recognition helix and extra amino acids between helix I and II (Bürglin, 1994 ) only align to atypical motifs, such as those found in Knotted-1 of maize (Vollbrecht et al., 1991) .
3' Gene Truncations ldentify Nonessential C-Terminal Regions of the Proteins
Transforming DNA generally integrates ectopically in C. cinereus (Binninger et al., 1987; Mellon et al., 1987) . When an A Restriction sites are as given in Figure 1 . + , presence; -, absence. Restriction sites are as given in Figure 1 . + , presence; -, absence. mating type gene is introduced that is not present in the host A locus, it is unlikely that this can integrate homologously because of the lack of DNA sequence similarity between different allelic forms of the genes. Transformation has the effect of introducing a second A mating type into the cell and a compatible mating response results; in the case of b7-7, we have shown that here is repression of asexual sporulation and promotion of clamp cell development . We now confirm that all four A42 genes, present on the plasmids pAMT1 (b7-7), pESM2 (d7-7), pLACl (a2-7), and pUK4 (b2-7), can each individually promote this phenotypic change (Tables 1 and 2) .
We have identified nonessential C-terminal regions of the A proteins by constructing a series of pBluescript KS-clones of each gene truncated at available restriction sites (Tables  1 and 2 ). We monitored transformants for the development of clamp cells and asexual sporulation, but in no case could we separate the regulation of these two functions; loss of ability to promote clamp cell development simultaneously restored asexual sporulation. The analysis suggests that much of the 3' end of HD2 genes is dispensable (e.g., a2-7, pUK11; b2-7, pUK14, Table 2 ), but regions close to the 3' end of the HD7 genes are not (e.g., b7-7, pRA03; d7-7, pUK17, Table 1 ). The minimal HDl protein sequence found to be functional contained 594 amino acids of bl-1 and was missing just the conserved C terminus. The minimal functional HD2 protein sequences contained 320 amino acids of b2-1 and 344 amino acids of a2-1. These truncations deleted most of the serine-, threonine-, and proline-rich regions but left all the predicted helical regions (Figures 2 and 4) .
The truncated proteins will have gained amino acids at their C termini because of the fusion of the coding sequences to pBluescript KS- (Tables 1 and 2 ). These extra amino acids only prevented the expression of the mated phenotype in one case, pUK7, which contains a truncated a2-7 gene. This plasmid had to be linearized at the Hindlll fusion point to give an active gene product. Linearization of other nonfunctional constructs had no effect.
5' Ends of the Genes Determine Specificity
Proteins encoded by genes within the same A locus cannot promote sexual development; this requires different allelic forms of the proteins to be brought together by mating or transformation (Kües et ai., 1992; Kües and Casselton, 1993) . Clearly, there are compatible and incompatible protein associations, and there must be domains within both classes of A proteins that are responsible for discriminating between these. Because HD2 proteins truncated at the C terminus can still discriminate, it seems likely that specificity is imposed by the N-terminal regions. Significantly, these regions have only low homology (16% identity, 41% similarity) when compared to the strongly conserved homeodomains (79% similarity) and subsequent sequences containing predicted helices (66% similarity). In the comparable U. maydis bE and bW proteins, the N-terminal regions are the only sequences that are variable between alleles (Kronstad and Leong, 1990; Schulz et al., 1990; Gillissen et al., 1992) and have actually been shown to determine allelic specificity of bE proteins (Yee and Kronstad, 1993) . We tested whether the N-terminal regions of the C. cinereus A proteins confer specificity by exchanging the 5'ends of the A42genes using conserved Clal or Scal restriction sites within the HD1 and HD2 homeodomain coding regions, respectively (see Figure 1) . Two chimeric genes were generated, an HD2 gene with the 5'end of b2-7 and the 3'end of a2-1 (b2-7la2-7) and an HD7 gene with the 5'end of bl-1 and the 3'end of d7-7 (b7-7M7-7). These chimeric genes were introduced into hosts with three different A loci, A42, A6, and A5 (Table 3) . A42 and A6 share a2-1 and d7-1 but have different alleles of bl and b2; thus, only the b7-7 and b2-7 genes can promote clamp cells in an A6 host. A5 and A42 do not share any specificity genes, and all four A42 genes promote clamp cells in an A5 host (Tables 1 and 2 ). Both chimeric genes promoted clamp cell development in the A5 host, showing that they were functional but failed to do so in the A42 host, showing that no new specificity had been generated. The critical test is their ability to promote clamp cell development in the A6 host. The chimeric genes are behaving as b gene alleles; these are the genes from which they derived their 5'ends and thus the N-termina1 regions of their proteins.
HD1 Protein
DISCUSSION
Sexual development in severa1 fungi has been shown to be regulated by two classes of homeodomain proteins, HD1 and HD2. The HD2 homeodomain has a typical length of 60 amino acids and the WF.N.R motif in the recognition helix, whereas the HD1 homeodomain is classed as atypical with extra amino acids between its helices and different amino acids in the recognition helix (Bürglin, 1994; Casselton and Kües, 1994) . The best characterized of these homeodomain proteins are the a1 and a2 proteins of S. cerevisiae that are encoded by the alternative alleles of the mating-type locus, MATa and MATa. Following mating between a and a cells, these proteins dimerize to generate a transcription factor complex that binds unique operator sites upstream of haploid cell-specific genes (for review, see Dolan and Fields, 1991) . A similar interaction between HD1 and HD2 homeodomain proteins has been postulated to regulate sexual development in basidiomycetes (Gillissen et al., 1992; Specht et al., 1992; Kües et al., 1994a Kües et al., , 1994b . The situation is, however, more complex because the basidiomycetes have evolved multiple mating types, and there are large numbers of functionally equivalent proteins encoded by multiallelic genes. Every cell contains genes for both classes of proteins, but it is only when different allelic forms of the genes are brought together by mating or by transformation that sexual development can be promoted. Compared with the simple al-a2 interaction in S. cerevisiae, in the basidiomycetes there is a need for discrimination between incompatible and compatible proteins .
In U. maydis, the multiallelic HD7 and HD2 genes are designated bE and bW, respectively. The compatible combination that triggers development is a bE and a bW allele from differentb loci (Gillissen et al., 1992) . In the Aa locus of S. commune (Stankis et al., 1992; Specht et al., 1992) and in the equivalent Aa complex of C. cinereus (Kües et al., 1994b) , there is a pair of divergently transcribed HD7 and HD2 genes (V and Z in S. commune and a7 and a2 in C. cinereus), and development is similarly triggered by an HD7 and HD2 gene from different loci.
If we look at the A42 locus of C. cinereus, only the HD2 gene (a2-7) of this pair is present; the HD7 gene is missing ( Figure  1 ). This is also true of the A6 locus, which shares the same a complex as A42 (Kües et al., , 1994a . This is fortunate because it allows us to show that the 5'ends of the genes play a critical role in determining the specificity of a compatible interaction. Genes of the a and p complexes are functionally independent and can be recombined into different alp combinations without promoting sexual development (Day, 1960) . For a2-1 or any other allele of the a2 gene to promote clamp cell development, it must be introduced into a host with acompatible a1 HD1 gene (Kües et al., 1994b) . By replacing the 5' end of a2-1 with that of b2-1, we generated a chimeric gene that promoted clamp cell development in an A6 host that has no a1 gene. We concluded that the chimeric gene is recognized as a b2 gene and not a new a2 allele. Furthermore, the transformation into the A42 host strain showed that no new b2 allele was generated. We concluded that the N-terminal region discriminates between genes, but our experiments did not show whether this region also discriminates between alleles.
The same argument can be put forward to explain why the chimeric bl-lldl-1 gene has bl-1 specificity and not a new dl allele specificity. In the p complex of A42, there is only one obvious pair of divergently transcribed HD1 and HD2 genes (bl-7 and b2-1). The dl-1 gene has been found associated with different alleles of the b genes in the A42, A43, and A6 loci 1994a , 1994b , and it seems likely that it is the HD1 half of another independently acting HD1-HD2 pair of genes . Because the A6 locus lacks a d2 gene, the chimeric bl-lldl-1 gene has only the b2 gene as a possible HD2 partner and therefore has the specificity of a bl gene.
Our transformation experiments suggest that there is an interaction between an HD1 and an HD2 protein following a compatible A mating in C. cinereus (Kües et al., 1994b) . This interaction could be analogous to dimerization between the a1 and a2 mating type proteins of S. cerevisiae. Two regions have been implicated in al-a2 dimerization. One is in the C-terminal89 and 82 amino acids, which includes the homeodomains of both proteins and a short-charged tail of 19 amino acids from a2 (Goutte and Johnson, 1993; Mak and Johnson, 1993) . The second is in the N-terminal regions of both proteins and contains 3,4hydrophobic heptad repeat motifs, which are thought to mediate dimerization by two leucine zipper-like coiled-coil motifs (Ho et al., 1994) . Analogous features in HD1 and HD2 proteins suggest that these also have two regions that could be involved in dimerization. There is a predicted helical region just C-terminal to the homeodomain in the C. cinereus HDl proteins; this region is highly conserved and has some sequence similarity to the charged tail of a2 (Figure 2) , and there are corresponding helical regions in the relatively unconserved N-terminal regions of the proteins. These N-termina1 regions, which have a similar length to those of a1 and a2 are particularly important in the C. cinereus A proteins because we have shown with our chimeric genes that they determine the specificity between compatible and incompatible gene products. To emphasize the importance of these regions, we have termed them COPl and COP2 (Figures 2  and 4) .
A major function of an N-terminal dimerization domain is likely to be discrimination between compatible and incompatible proteins, whereas a second C-terminal domain could simply stabilize the association. Alteration of amino acids in the N-terminal heptad repeats of a2 weakens or destroys the affinity for dimerization with a1 (Ho et al., 1994) , showing that quite subtle specificity changes can be brought about by individual amino acids. This could be a key to discrimination between compatible and incompatible HD1 and HD2 proteins. The amino acid sequence in the N-terminal regions is highly variable, and the dimerization potential of variant forms of the proteins might be quite differently influenced by single amino acids. We have previously suggested that the N-terminal region of the bl-1 protein might have analogy to the POUS domain of POU homeodomain transcription factors that has both DNA binding and dimerization functions (Tymon et ai., 1992) . Mutations in the POUS-like dimerization domain of the mammalian liver-enriched factor (LFB1) interfere with DNA binding of the wild-type protein by sequestering it in heterodimers that are defective in DNA recognition (Nicosia et al., 1992) . Variations in the N-terminal regions of HD1 and HD2 proteins might have analogous effects and prevent DNA binding of incompatible pairs.
The HDl and HD2 proteins of C. cinereus are longer than the a1 and a2 proteins of S. cerevisiae (125 and 210 amino acids, respectively, Astell et al., 1981; Miller, 1984) and may have other functional domains. Our gene truncation experiments indicate that most of the C-terminal region of the HD1 protein is essential, and based on its amino acid composition, we suggest that this region contains a potential transactivation domain. The only transformation assay available to us, detection of clamp cells, is not sensitive enough to distinguish between different levels of efficiency, and it is likely that sequences that appear to be dispensable, such as the C-terminal region of HD2 proteins, normally contribute to optimal protein activity.
METHODS
Coprinus cinereus Strains
Tryptophan auxotrophs used as host strains for transformation include the following: LN118, A42842 ade-2 trp-7.7,7.6; LT2, A6B6 trp7-7.7,7.6; FA2222, A5B5 trp-7.7,7.6. Plasmids containing mating type genes were cotransformed with plasmid pCclOOl (Binninger et ai., 1987) containing the C. cinereus trp-7 gene. Fifty trp+ transformants from each experiment were examined microscopically for presence of clamp cells, and surface scrapes were taken to look for oidia. Media and general methods of culture were those described by Lewis (1961) (Sambrook et al., 1989) . Site-directed mutagenesis at the first putative ATG start codon of bl-7 was performed according to the LP-USE strategy (Ray and Nickoloff, 1992) 
REFERENCES Plasmid Constructs
pLACl was isolated from agenomic librarygenerated in YRpl2 (Yashar and Pukkila, 1985) and contains theA6 acomplex, which has the same a-fg and a24 alleles as the A42 a complex . All other genomic fragments used for funga1 transformations (see Table 1 ) originated from A42 and were subcloned in pBluescript KS-(Stratagene). Full-length cDNAs were isolated from a hgtlO cDNA library and were subcloned into pBluescript KS-using either the BamHl or EcoRl sites in the hgtlO adapter to give pCA2-1 (a24 cDNA), pCB1-1 (b7-7 cDNA), pCB2-1 (b2-7 cDNA), and pCD1-1 (d7-7 cDNA). pUA61 contains a 4.9-kb BamHl fragment with a full-length d7-7 gene copy from the A6 factor. This sequence was obtained from pLAC3, a YRp12 clone having a 7.7-kb insert containing the d7-7 andp-fg genes. The A6 d7-7 gene is distinguished from the A42 d7-7 gene by a T residue in place of a C (at position 1245 in sequence CCDll 1x79688, EMBL data bank]) in the homeodomain-encoding region (Figure l) , which generates a recognition site for the restriction enzyme Clal. This site was used to fuse the 5'end of b7-7 to the 3'end of d7-7 as follows: a Scal-Clal fragment of pUA61 with the 5' end of b7-7, the f l filamentous phage ori, and the 5'end of the ampicillin resistance gene was fused to a Scal-Clal fragment of pAMT3 containing the ColEl ori and the 3' end of the ampicillin resistance gene. This generated plasmid pBlD1, which has a restored ampicillin resistance gene function. Similarly, the 5'end of a2-7 from pUK2 was fused to the 3'end of b2-7 from pUK4 using conserved Scal sites within the sequence encoding the HD2 motif (Figure 1 ) and the ampicillin resistance gene of pBluescript KS-to give plasmid pB2A2.
Sequencing of Genomic and cDNA Clones
Sequencing was performed mainly with double-stranded DNA from pBluescript KS-or pUC13 subclones, 35S-labeled ATP, the T7 polymerase kit of Pharmacia, and either the M13 universal or reverse primers. Where no suitable restriction sites were availabje for generating subclones, custom-made oligonucleotides were used as primers. DNA was sequenced in both directions. Sequence analysis was performed using the GCG-Package, version 7 (Genetics Computer Group, Madison, University of Wisconsin); data base searches were conducted using the BLAST program at the National Center for Biotechnology lnformation (NCBI) computer (Altshul et al., 1990; Gish and States, 1993) . Helical regions were predicted according to Chou and Fasman (1978) .
